Nacre tablets of mollusks develop two kinds of features when either the calcium carbonate or the organic portions are removed: (1) parallel lineations (vermiculations) formed by elongated carbonate rods, and (2) hourglass patterns, which appear in high relief when etched or in low relief if bleached. In untreated tablets, SEM and AFM data show that vermiculations correspond to aligned and fused aragonite nano-globlules, which are partly surrounded by thin organic pellicles. EBSD mapping of the surfaces of tablets indicates that the vermiculations are invariably parallel to the crystallographic a-axis of aragonite and that the triangles are aligned with the b-axis and correspond to the advance of the {0 1 0} faces during the growth of the tablet. According to our interpretation, the vermiculations appear because organic mol-ecules during growth are expelled from the a-axis, where the Ca-CO 3 bonds are the shortest. In this way, the subunits forming nacre merge uninterruptedly, forming chains parallel to the a-axis, whereas the organic molecules are expelled to the sides of these chains. Hourglass patterns would be produced by preferential adsorption of organic molecules along the {0 1 0}, as compared to the {1 00} faces. A model is presented for the nanostructure of nacre tablets. SEM and EBSD data also show the existence within the tablets of nanocrystalline units, which are twinned on {1 1 0} with the rest of the tablet. Our study shows that the growth dynamics of nacre tablets (and bioaragonite in general) results from the interac-tion at two different and mutually related levels: tablets and nanogranules.
Introduction
The first crystallographic data on the nacre tablets were reported by Schmidt (1922) , who concluded with optical microscopy that the c-axes of aragonite were perpendicular to tablets. In his subsequent papers, Schmidt (1923 Schmidt ( , 1924 used the outlines of tablets to infer the positions of {1 1 0}, {1 0 0} and {0 1 0} faces and, hence, the orientations of thea-and b-axes of the tablets. With the advent of the scanning electron microscopy, later authors e.g., (Grégoire, 1962; Wada, 1972; Mutvei, 1969 Mutvei, , 1970 Mutvei, , 1972a refined that knowledge, but the basic schemes provided by Schmidt remained essentially unaltered.
X-ray diffraction techniques are useful for determining crystal orientation, but its application is hindered by the fact that they can only determine the orientation of groups of tablets in relatively wide areas (at least 250 lm in diameter). An additional handicap is that, due to the deep penetration of X-rays, the results combine data from dozens of superposed lamellae. Nevertheless, some insight can be gained. The distributions of maxima of pole figures indicate that in nacre tablets the c-axes are perpendicular to the main surfaces. Polarization-dependent imaging contrast (PIC), which is based on X-ray linear dichroism, has also been extensively applied to bivalve and gastropod nacres see review in Gilbert (2012) ). It is a high resolution method (20 nm), but can only detect changes in the c-axis, and not in the a-or b-axis. Additionally, the tablets of bivalves are known to be co-oriented, with the b-axis pointing in the local growth direction of the shell (Wada, 1961 (Wada, , 1972 Wise, 1970; Checa and Rodrí-guez Navarro, 2005; Rousseau et al., 2005) . Tablet faces can sometimes be indexed by checking the shapes of the tablets against the overall orientation deduced from X-ray pole figures. Transmission electron microscopy (TEM) as well as electron back-scattered diffraction (EBSD) coupled to scanning electron microscopy (SEM) offer much higher resolution, but application is limited because the material has to be either sliced and thinned to tens of nm, in order to make the sample transparent to ions for TEM, or sectioned and finely polished, to eliminate differences in relief, to which the EBSD technique is very sensitive. Since, the 3D aspect is lost in this way, it is difficult to relate the shape of the tablets to the orientations found. Therefore, electron diffraction techniques have been routinely used to determine crystallographic orientations only of sectioned nacre tablets (e.g., Gries et al., 2009; Dalbeck et al., 2006) , but not in plain view.
In view of the above explanation, the main information currently available on the crystallography of individual nacre tablets is not always reliable, particularly taking into account their high variety of shapes (Wise, 1970; Wada, 1972; Checa and Rodrí-guez-Navarro, 2005) .
In a number of informative papers, (Mutvei, 1970 (Mutvei, , 1977 (Mutvei, , 1978 (Mutvei, , 1979 (Mutvei, , 1980 (Mutvei, , 1991 Dunca, 2008, 2010) , using special etching protocols, revealed the existence of two kinds of etching features. First, in the tablets of bivalves, gastropods and Nautilus, a series of parallel lineations that appear, are inferred to be parallel to the a-axis of aragonite. The same patterns have been found in other examples of biogenic aragonite which were naturally or artificially etched: foliated and prismatic aragonite (Checa et al., 2009) . Second, in some bivalves (Mytilus, Nucula, and Unio), Mutvei (1977) found two triangular sectors on each tablet joined by a vertex at the center of the tablet (hourglass-like), which were more resistant to etching than the rest of the tablet. According to the interpretation of Mutvei (1977 Mutvei ( , 1978 Mutvei ( , 1979 Mutvei ( , 1980 Mutvei ( , 1984 , this pattern arose because each pseudohexagonal tablet was in fact composed by four twinned crystals, although this model (Mutvei, 1977, Fig. 1 ) was found to be incorrect by Akai and Kobayashi (1993) .
The patterns revealed by Mutvei clearly have some bearing on the ultrastructure of nacre tablets and therefore are worth investigating. First, we needed to compile reliable data on the crystallography of individual nacre tablets in order to unequivocally relate the etching lineations and triangles to particular crystallographic directions. This was achieved by high-resolution diffraction techniques, particularly SEM-EBSD on the surfaces of the tablets. Additional information was gained from AFM and FESEM techniques. A model for the formation of the observed features was finally proposed.
Materials and methods

Treatments
Etching. Specimens were etched as originally described by Mutvei (1977 Mutvei ( , 1978 Mutvei ( , 1979 , the protocol consisting of (1) cleaning the tablets with sodium hydroxide, followed by (2) etching the tablets and fixing the organic matrix at the same time with a mixture of glutaraldehyde and acetic acid. Specimens were treated at the University of Granada with the following protocol: Sodium hypochlorite 10% (step 1) for 2-30 min ? glutaraldehyde 25% + acetic acid 1% in cacodylate buffer (step 2) for 2-10 min ? sodium hypochlorite 1% (step 3) for 1-5 days (optional). In all cases, samples were washed repeatedly and oven dried. Bivalves: Acila divaricata (Turtle Island, Taiwan), Nucula nitidosa (Málaga coast, Spain), Perna viridis (loc. unknown, Indonesia), Pinctada margaritifera (French Polynesia), Anodonta cygnea (Mira, Portugal); Gastropods: Bolma rugosa (Granada coast, Spain), Gibbula cineraria (Quiberon, France), Gibbula umbilicalis (São Jacinto, Portugal); cephalopod: Nautilus pompilus (loc. unknown).
The shells had been preserved dry and clean and we studied nacre areas which were not marginal. Etching intensity was proportional to treatment time (compare Fig. 1A and E), but it also varied between species undergoing the same treatment. No particular combination of times was found ideal for all species.
Additional observations were made at the Swedish Museum of Natural History on the nacre of the bivalve Mytilus edulis (coast of Sweden) and on the septal nacre of N. pompilius (Salomon Islands). These were treated with sodium hypochlorite (25 wt.%) followed by immersion in Mutvei's solution (1:1 mixture of glutaraldehyde and 1% acetic acid to which alcian blue is added; see Schöne et al., 2005) under constant stirring at 35-40°C and then dehydrated in graded alcohol concentrations.
In all cases, the exact treatment times are provided in the corresponding figure captions.
Protease. Samples of the bivalves A. divaricata (Turtle Island, Taiwan), Pinna nobilis (coast of Almería, Spain) and Pteria hirundo (Fuengirola, Spain) were incubated in a solution of proteinase-K (US Biological) 0.1 or 0.2 g/ml for one to 2 h at 30°C. After deproteinization, samples were washed three times for ten min under constant stirring in saline solution (PBS) and additionally washed for ten min in milli-Q water. The samples were oven dried at 45°C and stored for later SEM examination.
Untreated and bleached samples. The nacres of the above-mentioned species, as well as those of the bivalves Atrina pectinata (Fuengirola, Spain), Anodonta anatina (River Thames, UK), Potomida littoralis (loc. unknown, Spain), Isognomon radiatus (Olango Island, Philippines) and Neotrigonia margaritacea (Anxious Bay, Australia) were also investigated intact, although in some cases the tablets were cleaned of organic matter with commercial bleach (4% active Cl) from 2 to 10 min.
Scanning electron microscopy (SEM)
Samples were coated with carbon (Hitachi UHS evaporator) for FESEM observation (Zeiss Leo Gemini 1530 and Zeiss Auriga CrossBeam Station) at the Centro de Instrumentación Científica (CIC) of the Universidad de Granada (Spain). Specimens in Figs. 1B and 2E were gold-coated and photographed with a SEM Hitachi S-4300, at the Natural History Museum, Stockholm (Sweden).
Electron back scattered diffraction (EBSD)
To relate the crystallographic data with the features detected on the surfaces of the tablets, samples were analyzed unpolished with the surfaces of the tablets placed as parallel as possible to the detector screen; only the organic matter was removed with 5% NaOCl from the samples prior to analysis. Since this technique is very sensitive to surface irregularities, the percentage of indexable patterns dropped drastically compared to polished samples, although the number of available data provided relevant information. We used two sets of equipment. First, we used an Inca Crystal (Oxford Instruments) detector coupled to a Gemini-1530 (Carl Zeiss) FESEM (CIC, Universidad de Granada). To avoid excessive charging, samples were coated with a thickness of 2 nm of carbon in a Baltec MED 020 electron beam evaporator. Samples of the nacre from the gastropod G. cineraria and from the bivalves A. divaricata and P. margaritifera were examined in this way. Also, samples of the nacre of the bivalves Neotrigonia gemma (off Cronulla, Australia) and A. divaricata were analyzed after sectioning and polishing. The second set of equipment was a TSL OIM detector coupled to FEI Field Emission Gun (FEG) SEM Quanta 3D microscope of the Institute of Metallurgy and Materials Science of the Polish Academy of Sciences (IMIM, Krakow, Poland). Operation in low vacuum mode made coating unnecessary. A special cone was attached to the SEM pole piece to minimize the so-called ''skirt effect'' of the primary electron beam and reduce the gas-path length. Analysis software (TSL OIM version 5.3) was used to post-process the EBSD measurements. All data with a confidence index (CI) below 0.1 were removed. For visualization purposes the following cleanup procedure was applied: (1) grain CI standardization, (2) neighbor orientation correlation, (3) neighbor CI correlation. The surfaces of nacre tablets of the bivalves A. divaricata, Pt. hirundo, andP. nobilis were examined with this second equipment.
Atomic force microscopy (AFM)
For AFM observations, a sample of the shell of P. margaritifera was polished, through a protocol adapted from Nouet et al. (2012) . We used Struers water-grinding papers (DP Mol and DP Dur), followed by a thin polishing with Struers diamond pastes (3, 1, and 0.25 lm) and finally silica gel suspension (3 h). The sample was etched in a 0.1 wt.% acetic acid with 3% glutaraldehyde solution for 8 s. It was later repolished, immersed in commercial bleach for 90 s and dried before placing in the AFM sample holder. In addition, the surfaces of nacre tablets (bleached or protease-treated) of the following taxa were examined: the bivalves P. margaritifera, P. nobilis, A. pectinata, A. divaricata, A. anatina, P. littoralis, I. radiatus, N. margaritacea, and Pt. hirundo, the gastropod B. rugosa, and the cephalopod N. pompilius. Observations were made both in air and liquid using an AFM (Multimode Veeco) of the Centro Nacional de Microscopía Electrónica (Universidad Complutense de Madrid, Spain). AFM images were recorded in both contact and tapping modes while displaying cantilever height, phase and amplitude signals. Recorded AFM images were subsequently analyzed using the Nanoscope 5.30r3sr3 and Nanotec WSxM. 2.1 software's (Horcas et al., 2009 ).
Results
SEM
All etched and protease-treated samples (with the exception of P. nobilis) displayed more or less conspicuous lineations, similar to those found by Mutvei (1977 Mutvei ( , 1978 Mutvei ( , 1979 Mutvei ( , 1980 and Dunca (2008, 2010) (Fig. 1A-D) . Lineations ran mutually parallel across the entire tablet diameter. There appeared to be some direct relationship between etching time and lineation development, but some species proved more susceptible to the treatment than others. In non-etched samples, where the boundaries between lineations could be established with some precision, they range in width between 40 and 120 nm. Lineations sometimes fused or divided, finally displaying a sinuous path. For this feature, we will call them vermiculations hereafter ( Fig. 1A-G ; one vermiculation is marked with arrows in Fig. 1G ). Gastropod tablets are sometimes divided into different sectors, with their vermiculations meeting at angles of 60°or 120° (Fig. 1A) . Nautilus (Fig. 1B) and bivalve tablets ( Fig. 1C-E) were mostly undivided into sectors and only rarely consisted of two sectors at the most, with vermiculations at 120°.
In etched samples, vermiculations could be either strictly parallel or slightly inclined with respect to the surface of the tablet (Fig. 1E ). In the latter case, the angles of inclination could not be estimated quantitatively.
Some of the untreated and slightly bleached ( Fig. 1F and G) samples had more or less conspicuous surface relief consisting of aligned globular nanogranules (20-120 nm in diameter) running along the entire tablet diameter. The alignments showed exactly the same pattern of irregularities and sizes as the vermiculations observed in treated samples. In some instances, the nanogranules found at the very surface of the tablets grew in isolation and showed neat pseudohexagonal outlines; they can thus be qualified as nanocrystals (Fig. 1H and I ). These nano-pseudohexagons might be larger than the nanogranules (up to 200 nm) and sometimes diverged at 60°or 120°, suggesting that they are nanotwinned units (Fig. 1H, inset, and I ).
The samples of P. nobilis and Pt. hirundo treated with protease displayed typical hourglass patterns in low relief. P. nobilis tablets have an unusual rectangular shape (shown by Wise, 1970; Wada, 1972) and the triangular areas were distributed along the maximum dimensions of the tablets with a corroded aspect ( Fig. 2A  and B) . In Pt. hirundo these areas aligned with the short axis of the oval tablets, consisting of incipiently developed triangular notches ( Fig. 2C and D) . In P. nobilis, when two tablets in the same orientation met and intersected, the resulting boundary was invariably parallel to the sides of the triangles ( Fig. 2A and B) . In addition to dissolution triangles, the sample of Pt. hirundo showed a surface relief of vermiculations, with their overall elongation perpendicular to the axis joining the two triangular sectors (Fig. 2C  and D) . The similarly treated sample of A. divaricata only showed vermiculations of the kind found in etched samples. Similar triangular hourglass sectors were visible in etched samples of M. edulis (Fig. 2E ) and G. umbilicalis (Fig. 2F) , differing in that the acute triangles developed in high relief due to preferential dissolution of the calcium carbonate instead of the organic fraction. In both cases, the treatment also produced vermiculations which, as in the protease-treated samples, ran perpendicular to the axis joining the acute triangles ( Fig. 2E and F) . It bears noting that triangular sectors were not found in the bivalves P. viridis, A. divaricata, and A. cygnea, in the gastropods B. rugosa and G. cineraria, and in the cephalopod N. pompilus. Mutvei (1977) reported them also in the bivalve Nucula sulcata.
SEM-EBSD
The results for tablets showing vermiculations, regardless of whether they were etched (A. divaricata, N. nitidosa), treated with protease (Pt. hirundo) or simply bleached (P. margaritifera), and regardless of whether or not they displayed triangular patterns at the same time, were all consistent. The 001 maxima of the associated pole figures were more or less centered on the diagrams and the 100 maxima were aligned with the vermiculations, or with the alignments of nanogranules (Fig. 3A) . Some minor 100 maxima also appeared at 60°from the main maxima. This implies that the c-axis was approximately perpendicular or at a high angle to the tablets and that the a-axis was parallel to the vermiculations. The 100 small maxima at 60°of the main maximum or maxima are indicative of some small crystals being twinned on {1 1 0}.
The map on the protease-treated sample of P. nobilis is, by far, the one which gave the best-quality results (Fig. 3B) . Despite the lack of vermiculations, the triangular sectors were clearly aligned with the 010 maxima, i.e., the b-axis of aragonite. In addition to the main maxima (clustered within the NE and SW quadrants in Fig. 3B ), there were two diffuse 010 maxima (NW quadrant), all three clusters being at 60°to each other. One of these corresponds to dots in dark blue which appeared scattered onto the nacre tablets. The other maximum (made of red dots) was provided by a small tablet (top edge of the orientation map in Fig. 3B , labeled 5) together with additional scattered dots (Fig. 3B) . Scattered dots in both dark blue and red are indicative of nanocrystals twinned on {1 1 0} with the tablets onto which they settled. Similar results were found on a bleached sample of P. margaritifera (Fig. 3C) , in which the nanogranules were aligned with the a-axis and the triangular sectors made by nanogranules in high relief (a close-up view of those nanogranules in this same sample is shown in Fig. 1I) were aligned with the b-axis. Note also two tiny additional 100 maxima at 60°to the main maximum (aligned NNE-SSW), which imply that some nanogranules (independent dots not shown, but contained in the minor maxima) are related with the rest of the tablet (main maximum) by a {1 1 0} twinning.
AFM
The observation of tablets of the observed species has shown that the surfaces of tablets are in all cases made of round granules with diameters similar to those observed with SEM (20-120 nm) (Fig. 4) . These units are surrounded by a pellicle (Fig. 4F , G, J and K), which in phase mode contrasts sharply with the granules (Fig. 4E , H and L). The pellicles had different degrees of preservation depending on the original state of the samples and on the treatments, from being almost continuous around the granules (e.g., Fig. 4K ), to be reduced to a narrow rim along the depressed edges between and within grains ( Fig. 4F and G) . In some tablets the granules showed no preferential alignment, whereas in others they coalesced, forming alignments of variable width (between 40 and 120 nm) (Fig. 4) . When the pellicles were poorly developed, they surrounded the aligned sets of granules (Fig. 4C, D, G and H) . Etching revealed tablet elongation along the a-axis in the septal nacre of N. pompilius (Fig. 4A-F) , while elongation along the same crystallographic axis was obtained via simultaneous analysis with FESEM-EBSD in the nacre of Pt. hirundo (Fig. 4G-L) . For this reason, we know that in both cases the alignments of nanogranules detected with AFM are parallel to the crystallographic a-axis of the tablet. Fig.3 . EBSD maps of (A) Acila divaricata, treated with Mutvei's protocol (step 1 for 4 min, step 2 for 2 min), (B) Pinna nobilis, treated with protease (0.2 g/ml, 1 h), and (C) Pinctada margaritifera, bleached for 10 min. In all cases, the left image is the secondary electron image (with indication of the mapped area, red quadrangle, and orientation of the vermiculations, red arrows), the center image is the orientation map and the right diagrams are the 0 0 1 and 1 0 0 (A, C) or 0 1 0 (B) pole figures of aragonite. Numbers in (A) and (B) correspond to particular crystal domains or nanodomains. In all three cases, the 0 0 1 maximum is at or close to the center of the diagram (i.e., the c-axis is perpendicular to the tablet surfaces). The maximum spread of 0 0 1 maxima for individual tablets is 6°(A), 12°(B) and 2°(C); the total spread for 0 0 1 maxima is 22°(A) and 25°(B). In (A) and (C), the distribution of 100 pole maxima implies that the a-axes of aragonite crystals are parallel to the vermiculations. In (A), an additional 100 small maximum (labelled nt) at 60°to the other maxima indicates the existence of twinned nanocrystals. In (B), the b-axis is aligned with the triangular corrosion sectors; some scattered analyses (labeled 4 and 5 in the orientation map) have their 0 1 0 maxima at 60°to the main maxima (1, 2 and 3) and can again be interpreted as nanocrystals twinned with the main tablets. RD, rolling direction; TD, transverse direction.
Discussion
Our FESEM and AFM observations showed that nacre tablets have a granular substructure, with granules ranging in size from 20 to 120 nm. Under FESEM, they have a globular aspect ( Fig. 1E  and F) , although those located at the tablet surface sometimes tend to develop crystalline outlines ( Fig. 1H and I) . Similar nanocrystallites were observed on the surfaces of tablets by Metzler et al., 2008; Mutvei and Dunca, 2010) and were observed in sectioned mature nacre with TEM (Checa et al., 2011 , figures 2 and 3), which excludes that they are artefacts arising during preparation (e.g., immersion in hypochlorite). AFM observations allow us to recognize that, in addition, the amalgamated granules are in turn surrounded by pellicles (Fig. 4E-H and J-L) . This granular substructure was revealed for the first time by Dauphin (2001) in the nacre of Nautilus. Her AFM results were later amply confirmed with the same technique in the nacre of bivalves and gastropods (Li et al., 2004 (Li et al., , 2006 Bruet et al., 2005; Rousseau et al., 2005; Wolf et al., 2012) . Dauphin (2008) Seto et al.,2012) and even in fish otoliths (Dauphin and Dufour, 2008) .
The great contrast in AFM tapping mode (phase imaging) between the pellicles and calcium carbonate granules (Fig. 4C , E, H and L) has led some authors to hypothesize that the former are organic in nature (e.g., Dauphin, 2001 Dauphin, , 2006 Bruet et al., 2005; Rousseau et al., 2005; Li et al., 2006; Baronnet et al., 2008) . Li et al. (2006) even showed how rotation of nanoparticles was favoured by the intervening polymer biofilms when nacre was subjected to tension. Based on former TEM data for nacre by Nassif et al. (2005) , Seto et al. (2012) alternatively proposed that similar pellicles in the sea urchin test might consist of ACC. Our own bleaching experiments (unpublished observations) conducted with AFM are consistent with the organic nature of pellicles.
In many cases, the nanogranules tend to be preferentially aligned, thus forming vermiculations which are several lm in length ( Fig. 1F and G) . Our EBSD data ( Fig. 3A and C) imply that the vermiculations observed in the treated samples (Fig. 1A-D) consistently occur along the a-axis of aragonite. This conclusion was previously reached by Mutvei (1970) , although here we provide direct crystallographic evidence. Once the orientation of the a-axis is known, the crystal faces of the nanogranules can tentatively be indexed (Fig. 1H) . Given the coincidence in size, morphology, and crystallographic orientation, it is evident that the vermiculations observed in slightly bleached or untreated samples are the precursors of those observed in etched or proteasetreated samples. EBSD pole figures (Fig. 3) show that in our samples the c-axis is perpendicular or at a big angle to the surfaces of the tablet, although some deviation of the tablet surfaces with respect to the stage surface was expected. When several tablets are measured (Fig. 3A and B ) the spread increases (to >20°in Fig. 3A and B) , which implies that there are some differences in the orientation of the c-axes of neighboring tablets. Similar EBSD-based results have been obtained in the sectioned nacres of some bivalves by Dalbeck et al. (2006) , England et al. (2007) , Freer et al. (2010) and Griesshaber et al. (in press ). Even higher spreads have been recorded with the PIC technique by the Gilbert group (Metzler et al., 2007; Gilbert et al., 2008; Olson et al., 2012, in press) in bivalves and gastropods, this being particularly high at the transition with the external shell and gradually diminishing away from this limit.
Based on our observations, we propose that nacre tablets consist of amalgamated vermiculations, i.e., fused calcium carbonate granules, which are aligned approximately parallel to the a-axis of the tablet. When the fused units grow isolated on the surface of the tablet, they are loosely packed and tend to develop crystalline shapes, because they grow within the proteinaceous material lining the interlamellar layer on both sides. These are the so-called hillocks or nanoasperities observed on the surfaces of nacre tablets (see Checa et al., 2011 , figures 2 and 3) and correspond to the coarse granular layer of Dunca (2008, 2010) . Vermiculations are bounded and separated from each other by nanometric organic pellicles, of the kind visualized with AFM (Fig. 4) , althoughthis may not be the only organic fraction involved. This substructure is most probably general to biogenic aragonite formed by mollusks, since similar etching lineations along the a-axis have also been reported in foliated and prismatic aragonite (Checa et al., 2009) . These authors explained these features as the result of organic molecules being expelled from more mineralized zones along the a-axis by the crystallization pressure. This happens because, in the aragonite structure, there are chains of strong bonds along the a-axis, where the distance between the Ca atoms and the CO 3 groups is the shortest. The expelled organic molecules can easily be incorporated along the other crystallographic directions, where either the Ca-CO 3 distances are larger (b-axis) or the stacked CO @ 3 groups are bonded by weak Van der Waals forces (c-axis) (Nelyubina and Lyssenko, 2012 , and references therein). Our observations enable us to refine this model. Present-day models imply that biocrystals are formed from an amorphous calcium carbonate (ACC) precursor due to secondary nucleation (Politi et al., 2008 ; see also Weiner and Addadi, 2011; Gong et al., 2012, and Cartwright et al., 2012) . In mollusks, good evidence has been presented by Nassif et al. (2005) , who reported the existence of an ACC layer between 3 and 5 nm around nacre tablets of the abalone Haliotis laevigata, and by Baronnet etal. (2008) , who showed how an ACC cortex of 40-60 nm carpets the growth surface of the calcitic prisms of the pearl oyster P. margaritifera. In line with the observations of Nudelman et al. (2007) (who observed similar granules attaching to the surface of the calcitic prisms of Atrina rigida) and of Baronnet et al. (2008) (who, by TEM, identified grains comparable to the granules seen under AFM crystallizing at the growth front of prisms from the ACC layer), we can consider the granules making up the vermiculations to be crystallization units (although this is not critical for our explanation). This idea is consistent with the model of Weiner and Addadi (2011, figure 3 ) for the crystallization of the sea urchin spicule. During growth, theconnections between granules in the direction of the a-axis will go uninterrupted because organic molecules (probably exsolved from the ACC by the crystallization force) cannot easily enter the crystal lattice in this direction, but would be absorbed preferentially at the boundaries between granules corresponding to adjacent vermiculations, which is on the {0 1 0} faces (perpendicular to the b-axis) (Fig. 5) . Vermiculations have not been detected in some of the species (e.g., P. nobilis, Fig. 2A and B, or in the central part of the tablets of Pt. hirundo, Fig. 2C and D) , which may be due to either defective treatment or (general or local) deficiency in the absorbableorganic fraction.
SEM-EBSD data demonstrate that tablets displaying etching or bleaching triangles (Fig. 3) , are single crystals, with the triangles being aligned with the a-axis if they develop upon acidic treatment ( Fig. 2E and F) , or with the b-axis if the triangles become excavated upon treatment with bleach or protease ( Figs. 2A-D and 3B ). The apical angle is 60°, which implies that the long sides of triangles correspond to traces of {1 1 0} faces of aragonite. In P. nobilis, when two rectangular tablets collide and begin to interpenetrate, the boundaries thus formed are also parallel to the {1 1 0} faces ( Fig. 2A and B) . This happens because the side relations of the rectangular tablets of this species agree to the a/b cell lattice relation of Fig.5 . Model for the internal structure of ideal nacre tablets. They are composed of four growth sectors, with the sectors corresponding to the growth of {0 1 0} faces being richer in organic matter. Internally, the material is composed of calcium carbonate granules aligned in parallel to the crystallographic a-axis of aragonite (vermiculations). The organic pellicles surrounding the granules distribute preferentially around the lateral boundaries of the vermiculations. The sketch reproduces the case of the rectangular tablets of Pinna nobilis, and is based on the hypothesis that aragonite crystallizes from an amorphous calcium carbonate (ACC) precursor, with the granules being the crystallization units. aragonite 4.959/7.968 = 0.622. The fact that the triangular sectors remain in high relief upon etching ( Fig. 2E and F) , while they dissolve preferentially with protease ( Fig. 2A-D) , clearly implies that these areas are richer in organic matter than is the rest of the tablet. Since these triangles correspond to the advance of the {0 1 0} faces during the growth of the nacre crystal, the immediate implication is that there is preferential adsorption of organic molecules along the {0 1 0} faces. Since none of the two mentioned sets of faces display significant differences in charge density, the only reasons we can invoke are similar to the ones above to explain the vermiculations, i.e., differences in the length of the bonds along the a-and b-axes. The lack or etching or dissolution triangles in some of the treated species (see above) may imply that the absorbable proteinaceous component may be lacking.
The processes of preferential absorption of organic molecules along the b-axes, as compared to the more reduced absorption along the a-axes, commented on above to explain the observed vermiculations, could happen anywhere around the tablet, with the difference being that the amount of organic matter to be redistributed around growing nanogranules would be greater within the growth sectors of {0 1 0} faces than within the sectors of the {1 0 0} faces (Fig. 5) . In this work, we focus on the nanomembranes examined with AFM, although this may not be the only organic component within the tablets. Younis et al. (2012) have imaged occluded macromolecules within the nacre of the mytilid Perna with TEM tomography, which are scattered within the crystals and have much larger dimensions than do the organic membranes observed with AFM. Similar organic components have been detected in the prismatic calcite of the bivalves Pinctada and Atrina (Okumura et al., 2010 (Okumura et al., , 2011 Li et al., 2011) . How the different intracrystalline organic components are absorbed is a matter of future study. Younis et al. (2012) , Li et al. (2011) and Gilow et al. (2011) showed that the organic macromolecules are preferentially absorbed on the {0 0 1} planes in nacre and prismatic calcite due to preferential binding of the negatively charged residues of the acidic proteins to the positively charged {0 0 l} calcium planes. This might explain the horizontal microstratification sometimes shown by nacre tablets (Fig. 1B ; see also Mutvei and Dunca, 2010) .
Our EBSD data indicate the existence of nano-crystals twinned on {1 1 0} which appear scattered both on the surface (N. pompilius, Fig. 1H ; P. margaritifera, Fig. 1I ) and within the interior of tablets (etched tablets of Nucula, Fig. 3A , and protease-treated tablets of Pinna, Fig. 3B , as well as sectioned tablets of Neotrigonia and Acila, unpublished data). Nanocrystals of the external surface of tablets with the aspect of being twinned appear in the bleached nacre of N. pompilius (Fig. 1H ) and P. margaritifera (Fig. 1I) under SEM. Nacre tablets and biocrystals in general are made of crystallographically oriented nanoparticles. Huang (2009), Huang and and Zhang and Li (2012) identified nanoparticles via TEM and observed that, despite the fact that tablets of nacre diffract as single crystals, the constituent nanoparticles (which they implied are aggregation units) showed noticeable degrees of mutual misorientation (pseudo-single-crystal effect). The oriented arrangement could be transformed into a disoriented aggregate by either heat treatment (without phase change) or deformation (Huang and Li, 2012) . Any hypothesis on the mode of aggregation and growth of biocrystals (e.g., from an amorphous precursor; see above), has to take into account the new degree of freedom that the existence of the recognized internal nanotwins implies.
Our study shows that the growth dynamics of nacre tablets (and bioaragonite in general) is much more complex than previously supposed, and that it results from the interaction at two different and mutually related levels: tablets and their constituent nanogranules (the monocrystal-polycrystal duality of Li and Huang, 2009; Huang and Li, 2012) .
